Recent studies have shown subirrigation (SI) to be effective in reducing nitrate losses from agricultural tile drainage systems. A field study was conducted from 2001 to 2002 in southwestern Québec to evaluate the effect of SI on total dissolved phosphorus (TDP) losses in tile drainage. In an agricultural field with drains installed at a 1-m depth, a SI system with a design water table depth (WTD) of 0.6 m below the soil surface was compared with conventional free drainage (FD). Subirrigation increased drainage outflow volumes in the autumn, when drains were opened and water table control was interrupted for the winter in the SI plots. Outflows were otherwise similar for both treatments. Throughout the study, the TDP concentrations in tile drainage were significantly higher with SI than with FD for seven out of 17 of the sampling dates for which data could be analyzed statistically, and they were never found to be lower for plots under SI than for plots under FD. Of the seven dates for which the increase was significant, six fell in the period during which water table control was not implemented (27 September 2001 to 24 June 2002). Hence, it appears that SI tended to increase TDP concentrations compared with FD, and that it also had a residual effect between growing seasons. Almost one-third of all samples from the plots under SI exceeded Québec's surface water quality standard (0.03 mg TDP L -1 ), whereas concentrations in plots under FD were all below the standard. Possible causes of the increase in TDP concentrations in tile drainage with SI are high TDP concentrations found in the well water used for SI and a higher P solubility caused by the shallow water table.
Introduction
Artificial subsurface drainage is commonly used in Québec's Saint-Laurent lowlands (Canada), to improve poor natural drainage capacities of local agricultural fields. Tile drainage systems reduce the risk of waterlogging and allow for earlier field operations in the spring. Hence, adequate subsurface drainage generally increases crop yields (Evans et al. 1995; Simard et al. 2000) .
By lowering the water table and increasing subsurface flow, tile drainage tends to reduce surface runoff and, thereby, soil erosion and overall phosphorus (P) losses (Skaggs and Breve 1995) . However, since tile drainage accelerates the movement of water in the soil profile, it can lower the soil's sorption potential, resulting in significant subsurface nutrient loss through the drainage system (Mejia and Madramootoo 1998; Sharpley and Halvorson 1994) . Subsurface drainage is typically known to increase nitrate losses from agricultural fields, due to the high mobility of nitrates (Skaggs and Breve 1995) .
Phosphorus is the limiting nutrient in water bodies and streams situated upstream from estuaries (Correll et al. 2000) . Excess P levels cause eutrophication of water bodies and can result in toxic cyanobacterial blooms (Sims 2000) . Phosphorus losses through tile drainage have traditionally been considered insignificant because of the low solubility of P, but research now suggests that their importance has been underestimated (Heckrath et al. 1995; Sims et al. 1998 ). Breeuwsma and Reijerink (1992) estimated that subsurface migration accounted for 87% of the P losses from a cultivated watershed in the Netherlands, characterized by sandy, P-saturated soils. In a study conducted in Québec (Canada) Beauchemin et al. (1998) concluded that clayey soils with medium to rich soil P levels were particularly at risk of showing high P concentrations in tile drainage. Since high P levels and low to medium soil P fixation capacities are common in soils of the Saint-Laurent lowlands (MAPAQ 1996; Tabi et al. 1990) , and since those soils are generally underlain by glacial clay, the region is at risk in terms of P contamination of surface waters by tile drainage. In most cases, dissolved P represents a major fraction of total P found in tile drainage (Haygarth et al. 1998; Heckrath et al. 1995) . It is of primary importance in terms of water quality, due to its high bioavailability (Beauchemin et al. 1998) .
Some of the adverse impacts on water quality generally associated with conventional free drainage (FD) can be mitigated through subirrigation (SI). This water table management technique maintains a constant water table depth (WTD) in the soil profile, with the use of an external water source providing SI water and of a structure that controls water inputs and outflows. Maintenance of a shallow water table has been shown to reduce nitrate concentrations in tile drainage, as a result of an enhancement of soil denitrification rates (Elmi et al. 2002; Kaluli et al. 1999) . Moreover, while controlling drainage can help reduce water deficits, SI can further lessen the impact of periods of droughts on crop production and help increase crop yields (Mejia and Madramootoo 1998; Tan et al. 1999) .
Although P is currently among the most threatening nutrients in terms of water quality in Canada (Chambers et al. 2001) , little work has been published on the effect of SI on P losses from agricultural drainage systems. Most studies on water table management focus on controlled drainage, which does not include irrigation. In a paper that summarized results from several studies, Evans et al. (1995) concluded that controlled drainage reduced P losses compared with FD, mainly due to lower outflow volumes. Incidentally, the same paper also reported that controlled drainage increased P concentrations in predominantly subsurface-drained systems. Protasiewicz et al. (1989) studied a SI system and found that it increased P losses via tile drainage of clay soils in Michigan, U.S.A. However, the authors indicated that their results were based on a short period and were considered preliminary. In order to address this matter, the current field study sought to assess the influence of SI on dissolved P losses from agricultural tile drainage.
Materials and Methods

Site Description and Agronomy
The field study was conducted on a 4.2-ha experimental site located in Coteau-du-Lac, southwestern Québec (45°21'0"N, 74°11'15"W). The field's topography was typical of the region, with an average slope of less than 0.5% (Kaluli et al. 1999) . The soil, a generally stone-free Soulanges very fine sandy loam (humic Gleysol), extended to a depth of 0.5 to 0.9 m, and was underlain by clay deposits from the Champlain Sea (Lajoie and Stobbes 1951) . The soil's bulk density was around 1.6 Mg m -3 from the soil surface to a depth of 0.6 m (Mousavizadeh 1992) . The limestone bedrock lay at an estimated depth of 21 m below the soil surface (Broughton 1972) .
Soil samples were taken in 2001 and 2002, as described by Stämpfli (2003) . The samples were also analyzed for Mehlich-3 P (Mehlich 1984; Tran and Simard 1993 ) by colorimetry on a flow injector autoanalyzer (Lachat QuickChem, Lachat Instruments, Milwaukee, Wis., U.S.A.), using the method described by Murphy and Riley (1962) . The organic matter content of the soil from 0 to 0.2 m was measured by loss on ignition (Schulte et al. 1991) .
The experimental field was planted in monocropped grain corn between 2002. Corn The nature and rates of fertilizers applied were decided upon by the field owner, who was also responsible for their application in the field. Two applications were made in 2001: (i) broadcast application during secondary tillage, and (ii) band application during seeding (Table 1A) . In 2002, fertilizers were also applied during secondary tillage and at seeding, but additional nitrogen was applied at the end of June, because heavy rainfalls received earlier that month had led to excessive leaching of the previously applied nitrogen (Table 1B) . These application rates exceeded those recommended by the Conseil des Productions Végétales du Québec (CPVQ 1996) . 
Experimental Design
Two drainage treatments were compared in this study: (i) FD, and (ii) SI with a design WTD of 0.6 m below the soil surface. The SI system used control tanks equipped with a weir and a float valve to control drainage outflows and manage SI for each plot, when needed (Fig. 1) . The system is further described in Tait et al. (1995) . The field was divided into three blocks, each comprised of eight 15 × 75 m plots. In order to prevent lateral seepage, vertical plastic curtains were installed to a depth of 1.5 m around each plot (Madramootoo et al. 1994) . The plots were drained individually, by subsurface drain pipes installed at a 1-m depth in the centre of each plot. The drain pipes were wrapped in geotextile to limit the entry of fine sand and silt particles. The blocks were separated from one another by 30-m wide strips of undrained land. Data were collected from two treatment (SI) plots and two control (FD) plots in each block. The remaining plots were used as buffers between treatment and control plots.
The SI system was activated between June and September (15 June to 26 September in 2001, and 25 June to 27 September in 2002). During that period, SI was halted automatically when precipitation raised the water table to, or above, the design depth. Subirrigation was stopped and the drains were opened in SI plots just before harvest, to lower the water table in order to facilitate field machine trafficability, to avoid damage due to ice formation at the drain outlet, and to limit the extent of freezing in the soil profile. The presence of ice in the soil profile impedes subsurface drainage during snowmelt, therefore increasing surface runoff and P losses. No water table control was used during the winter.
Monitoring of Water Table Depth
Water table fluctuations were monitored twice a week during the growing season. Water table observation pipes were installed to a depth of approximately 1.5 m in each plot at the beginning of each growing season. A graduated water-detecting probe was used to measure WTD at each location. On some occasions, the water table was deeper than the length of the pipe. In that case, WTD was recorded as 1.6 m from the pipe's collar. Broughton (1972) showed that the water table seldom goes deeper than 1.8 m below the soil surface in the area.
Drain Flow Monitoring and Water Quality Sampling
Tipping buckets linked to a data logger continuously monitored drain flow in two buildings into which subsurface drains were routed and discharged before water was pumped out of the field (Tait et al. 1995) . This system allowed for the automatic flow-proportional sampling of drainage. Drainage water samples (0.5 L) were taken at given volume increments (from 100 L for dry periods to 500 L for wet periods) of tile drainage discharge. The samples flowed into 20-L plastic containers, creating composite samples for each plot.
These samples were periodically collected and filtered on site by gravity through 3-µm filters (Whatman 44, Whatman plc, Brentford, Middlesex, U.K.), into 60-mL plastic bottles. On each sampling date, one sample was taken for each plot for which sampled water was available, plus one duplicate and one blank for the whole series. From early June 2001 to the beginning of November 2002, samples were collected on 23 occasions.
Well Water Sampling
The well water used for SI was sampled seven times: 
Laboratory Analyses
All water samples were further filtered in the laboratory with syringes, through 0.45-µm filter membranes (MSI Magma Nylon Membrane Filters, GE Osmonics, GE Water Technologies, Trevose, Pa., U.S.A.), and stored in the dark at 4ºC before analysis. All water samples were analyzed for P by colorimetry (Murphy and Riley 1962) with a flow injection autoanalyzer (Lachat QuickChem, Lachat Instruments, Milwaukee, Wis., U.S.A.). Total dissolved P was measured from filtered samples having undergone potassium persulfate digestion in an autoclave at 121ºC for 30 min (Centre Saint-Laurent 1994).
Quality Control
The precision of the analytical process was controlled with the duplicates and blanks collected in the field. In addition to this, standards were inserted in the series of samples being analyzed. The results from the analysis of these samples allowed calculation of a method detection limit (MDL) and of a limit of quantification (LOQ), based on the method suggested by Taylor (1987) . Since these values depend on analytical factors, they were calculated for each time water samples were analyzed. The MDL and the LOQ ranged between 0.004 and 0.015 mg P L -1 , and 0.011 and 0.037 mg P L -1 , respectively, during the study period.
Statistical Analysis
A statistical analysis was performed with SAS version 8.0 (SAS Institute Inc. 1999). Water table depth, tile drainage outflow volumes and total dissolved phosphorus (TDP) concentrations in tile drainage outflows were studied.
Analysis of variance (ANOVA) was used to evaluate the effect of drainage treatment on the time-weighted mean WTD, with an initial model including a drainage treatment factor, a block factor and a term for the interaction between blocks and drainage treatment. If the interaction effect was significant, the significance of the drainage treatment factor was evaluated with the interaction effect as the error term in the model, as recommended by Winer et al. (1991) . Otherwise, the interaction term was removed from the model. In that case, the block factor was also taken out of the analysis if its effect was found not to be significant in the new model.
The tile drainage outflow volumes between each sampling date were also analyzed with an ANOVA. However, to meet the requirement of normality of the residuals (controlled with the Kolmogorov-Smirnov test, computed with the SAS UNIVARIATE procedure), the analysis was done on the square root of the outflow volumes and the model only included the drainage treatment and the block factor. For the same reason, the analysis was stopped after the first step even if the block factor did not have any significant effect.
Since a large proportion of the concentration values were below the MDL and/or below the LOQ, nonparametric statistics had to be used to study the effect of SI on TDP concentrations in tile drainage outflows. A nonparametric interval censoring of the data, described by Helsel (2004) , was first conducted for each sampling date, with all values below the MDL being assigned a tied rank while all data equal or greater than the MDL and smaller than the LOQ were also assigned a tied rank. Separate ANOVAs were performed on ranks of TDP concentration data for each sampling date, with an initial model comprising a treatment and a block factor. The interaction between the drainage treatment and block factors could not be included in the analysis, because ranked ANOVA do not analyze interaction effects efficiently (D.R. Helsel, pers. comm.). The block factor was removed from the model when its effect was not significant.
Results and Discussion
Climatic Data
The years 2001 and 2002 were warm compared with the long-term data collected between 1966 and 1990 by Environment Canada for the Coteau-du-Lac meteorological station. The station is located less than 500 m away from the experimental field. The winter period separating both growing seasons was especially warm, some 3ºC higher than long-term averages. This caused the drains to flow more often than usual during the winter.
Both growing seasons followed a similar precipitation pattern, with heavy rainfalls at the beginning of the growing season and dry weather after mid-June. Hence, while precipitation between May and October was close to long-term averages in both years (12% below average in 2001 and 10% above in 2002), the rainfall excess compared to long-term averages was high in May (53% in 2001 and 78% in 2002) and the deficit was important in July and August (39% in 2001 and 56% in 2002, compared to long-term averages).
Soil Analyses
The soil analyses indicated the 0 to 0.2 m soil layer to be rich in P, both in terms of Mehlich-3 P and of mean soil P saturations, calculated as the ratio of the soil Mehlich-3 P to the soil Mehlich-3 aluminium concentrations (CPVQ 1996; Table 2 ). This can probably be explained by the high fertilizer application rates in use. High soil P levels are common in the region, some having been reported to exceed 500 kg Mehlich-3 P ha -1 (Tabi et al. 1990 ). The organic matter content of the soil from 0 to 0.2 m was found to be just under 3% in 2001 and 2002.
Water Table Depth
The data used to calculate the time-weighted mean WTD were collected between mid-June and the beginning of October in 2001, and between the beginning of July and the beginning of October in 2002. This corresponds to the periods during which SI was fully implemented in the field.
In both years, the measured WTD in SI plots was on average 0.2 m greater than the design WTD of 0.6 m below the soil surface. This could have resulted from seepage, as suggested by Kaluli et al. (1999) , or from an inaccurate adjustment of the height of the control tanks in the buildings.
In plots under FD, the water table dropped gradually throughout both growing seasons, in many cases to a greater depth than could be measured ( Fig. 2A, B) . The difference in WTD between plots under FD and under SI was more than 0.6 m during most of the two growing seasons. Statistical analysis confirms that, even though there can be an interaction between the drainage treatments and the blocks (as observed in 2002), the mean WTD was significantly greater in plots under SI than in plots under FD.
Drainage Outflow Volumes
Differences in drainage outflow volumes between the two drainage treatments occurred primarily at the end of both growing seasons, when SI was halted and the drains opened in SI plots to lower the water table for field operations (Fig. 3) . Large volumes of water were then released from plots under SI, while virtually no flow occurred in plots under FD. Of the 23 sampling periods, the only ones for which the outflow volumes were found to be significantly higher (p ≤ 0.05) for plots under SI than for plots under FD, were those in the months immediately following the opening of the drains (eight events out of 23). This trend is common at the experimental site. In 2001 and 2002, the summer months during which SI was applied were too dry for any outflow to occur, while winter and spring outflows were similar for both treatments.
Concentrations
In total, 244 samples were collected over the entire duration of the study. Due to the dry weather of the 2001 and 2002 growing seasons, samples were only collected once (14 August 2001) while SI was applied. As previously stated, the high proportion of samples with concentrations either below the MDL or between the MDL and the LOQ necessitated the use of nonparametric methods for the statistical analysis of the data.
The mean ranks of TDP concentrations for both drainage treatments for each sampling date are displayed in Fig. 4 . The mean rank of TDP concentrations for plots Fig. 4 , the data analyses for 27 September 2001, 27 November 2001, and 21 October 2002 did not reveal any statistically significant difference between the ranks of TDP concentrations for SI plots and for plots under FD. However, this could be attributed to the low amount of samples available from plots under FD for these sampling dates. Even if the analysis is inconclusive, overall P losses were arguably higher in SI plots than in plots under FD after the opening of the drains, both because of high TDP concentrations in the water released from the SI plots and because of significantly higher outflows from those plots than from plots under FD.
Phosphorus in Tile Drainage under Subirrigation
The statistical analyses also showed that even during the period between growing seasons, when no water table control was applied and when flows were similar for all plots (between 10 December 2001 and 20 June 2002), the TDP concentrations recorded in tile drainage from SI plots were often higher than those from plots under FD. The ANOVA of ranks indicated that the increase was significant for six out of 13 sampling dates from that period.
The presence of higher TDP concentrations in tile drainage from plots under SI than in plots under FD is also well illustrated by the fact that 39 out of 122 concen- These results tend to demonstrate that SI led to higher TDP concentrations in tile drainage outflows than FD, which is in agreement with the conclusions presented by Evans et al. (1995) on controlled drainage. Coale et al. (1994) had previously observed an increase in P concentrations in water when excess water was kept in the field for a certain time before being drained out. In this study, the highest TDP concentrations were recorded from samples collected on 14 August 2001, which followed a very dry summer without any significant drain flow. Higher P concentrations in drainage water after dry periods have been reported by Dils and Heathwaite (1998) and Simard et al. (2000) . It should be noted, however, that most concentrations recorded in this study were below results presented by Beauchemin et al. (1998) , who found total P concentrations ranging from 0.01 to 1.17 mg L -1 in tile drainage water from soils of an intensively cropped area of the Saint-Laurent lowlands.
Well Water Quality
The well water used for SI in this study was also analyzed, because of its importance in terms of water inputs for plots under SI. The first monitoring of the well water quality, done at the end of the 2001 growing season, revealed high TDP concentrations in the water used for SI. The well was sampled five more times in 2002 and an additional survey was done in December 2003. This last survey included a multi-parameter analysis of water from seven wells in neighbouring farms located within a 4-km radius of the study field. High P levels were found in most of those wells, whose water had a mean concentration of 0.06 mg TDP L -1 . The well water used for SI in this study also had a mean TDP concentration of 0.06 mg L -1 (Table 3 ) and therefore contained more P than most drainage water samples collected during this study. High P levels in groundwater seem to be a regional trend related with natural phenomena, since the low nitrate concentrations found in the surveyed wells (generally below 0.040 mg NO3-N L -1 ) make anthropogenic contamination an unlikely explanation for this situation. Hence, farmers relying on well water for SI in the area would probably be using water with P concentrations above the water quality standard.
While the P present in SI water may have contributed to the high P concentrations recorded in tile drainage from plots under SI, these could also have been 68 Stämpfli and Madramootoo caused by a shift in the soil's chemical balance as a result of the implementation of SI. Under low oxidation-reduction potentials (i.e., with reducing conditions) experienced with a shallow water table, the P sorption capacity decreases and the solubility of P rises (Martin et al. 1997; Sallade and Sims 1997; Vadas and Sims 1998) . Further research, such as a column experiment with Pfree water, will be needed to establish the relative importance of these two factors on P concentrations in drainage water.
Conclusions
The main conclusions drawn from this study are as follows:
In both years, drainage outflow volumes were significantly greater in SI plots than in FD plots during the two months following the opening of the drains at the end of the growing season. No difference in outflows was noted between drainage treatments during the rest of the year.
The TDP concentrations were often higher in drainage water from plots under SI than from plots under FD. This increase was found to be statistically significant for the one sampling date when water table control was still implemented in SI plots and in six cases out of 13 between growing seasons, when all drains were opened and when the hydrological conditions were similar in all plots. While many concentrations were below the MDL and/or the LOQ and were generally low compared with literature data, almost one-third of the samples from plots under SI had concentrations above Québec's surface water quality standard of 0.03 mg P L -1 . This standard was never exceeded in plots under FD.
High P levels were found in the well water used for SI. Therefore, in plots under SI, the quality of the SI water could have impacted on TDP concentrations observed in tile drainage. Reducing conditions due to the shallow water table could also have increased P losses by augmenting the solubility of P. Further research is needed to establish the relative importance of these two processes.
Testing of local groundwater revealed that high P concentrations were a regional trend. The existence of high natural background concentrations of P in groundwater should be kept in mind in the eventual implementation of practices using well water for SI practices.
At this time, while SI has been recognized to help reduce nitrate losses, it could constitute a potential problem in terms of pollution of surface waters with P from agricultural drainage systems, especially if well water with high P concentrations is used for SI. 
